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INTRUWlIW 

me md4 loom Experlaental wind Tumine locate0 
naaf Sinfasky, Cmlo, has serve0 as  the major test 
h c i l i t y  for the u. 5. Large norizmel Axis wind 
€nagy progrm slrce init ial  tiperation of me 

fabricated, end has been operstea by the NASA Lewis 
Resum m e r  8s a part of the reseam cvld 
tcQwplogy pmgrrr yldcr Vle airection of the u. 5. 
oepmant of E ~ X Q Y .  wny concepts ic current use 
or plrvled for future use on rind turoines nave 
wen f i r s t  evaluated on tht rOa-0 mcnine. 

The aa jec t  of this rsport, a comparison of qhind 
vd &mwinc~ m o r  opsreting 6aracteristics, is 
tM mmlt  of tests to oescrlbe ttte Aoaas ana 
operati- barscteristtlcs of the tsstereu 
t l p u m t r o l l ~  rotor w i t h  the m o r  i n  turn 
dorwind am l~rina of the torcr. Preliminey 
results of me dorrrrina rotor canfiguration rere 
presented previolrsly in refereme 1, but this 
report pments  s ~ p e  m infomation for the 
downwind configuration end mites specific 
ronparisons rim the qwind rotor configuration. 

nW rim tumlne test configuration was the $me 
for both tests, only the direction of rotation mas 
reversal when the rotor was put rowin0 of tne 
tower; otherwise, tne rind turbine ana rotor were 
tclentical. Tests were ConduCted to detercalne loeds 
orrd ogcratirp dreracteristics of eam configuration 
ond comparisons rill be oede of the followiq 
I-: blede bereing loaos, teeter motion, end 
nacelle yaw moments. 

i n  1975. me mine was aeslpnw, 

TEST COKIQR4TI(N 

The rprlnd and m*nrind rotor tests were CWucted 
on tne rW-0 lookw Experinental wind Tumine i n  
the teetern, tipcontrollea rotor configuration 
described previously (ftefs. 1 ana 2). Tomm the 
and of the dornriM rotor test program end 
mrougout ole mind rotor program a hyoraulic 
mtor was usea for the nacelle yaw orive, replacing 

the electric motor miuc end -le taGrtion rdm 
oeets use0 pnviously for orienting me nealle in 
yaw- mis g r e a t l y  sirplified the YB* driw w 
provided en effectiuc .etami of -ring nacelle 
y8u to-. Otherwise, the necelle erd rotor ren 
uxYmqp0 from earlier tests. A senslrstic of the 
rbd-0 mmlle with the teeterad rotor en13 hydrndlc 
ye* drive is por, ln fig.  1. The rotor is either 
Qrnrind or rorlm of the tact and the ncalk is 
tilteo 6-1/20 to provioe torar clearance for tne 
uroncd rotor. wind speea cw necelie y a  angle 
are fneamra m the a n o l a e t c r / w i n d w n  munteo 
atop w nacelle 85 mown in fig. 1. 

Drive train s l i p  rlis 4.66% for the dol.nrind rotcr 
tests ena only 2.32% for tne roriM rotor tests, 
JIieh nsultad i n  a 3Y.O rum rotor apead a t  l00 MI 
for the domuind tests m u  a R.6 rfm rotor speeo 
at 100 kl! lor t)rc t q ~ ~ l n d  rotor tests. 

To*ht 

The rind t*JrDine 1s cwrunted M the MOd-0 qxfbtws 
b r ;  hollever, an edjwtable spring ease has been 
edded to provloe capability for slnrrlating varlous 
torrcr flexibilities (Ref. Y). The tower first 
cantilever bcnbing fmuency for this test 
confiquratlon was ncasured to be 1.6 to  1.7 wr or 
2.9 t o  3.1 times the rotor rrpce~ a t  33 w. me 
flexlble tower base eoos 1m to the mtor axis 
heirpt placing it 31.4111 ebove the gmm0 at the 
touer centerline. Fig. 3 sttous the rind turbine on 
the toller end also presents pararstn definitions 
and sign conventions pertinent to the rpwind ana 
cio*nrind rotor configurations. 

Rotor 

me teetereo, tip-controlled rotor is ciepictca i n  
Fig. 3. Thc rotor is vronw, the blaaes nave a 
23% root cutout, en0 the outer XU of span is 
pitbable. me blew sectlon is a WCA 23024 
alrfoil from root to tip, ana speed ond m e r  

its 2% chord point. me t l p  is capable of pitch 
angle manges from +le to me f u l l  feather 

Control 1s echieved by pitming me D h d t  t i p  about 



position mt -xP. 
w r i r g  th 0- tu a t  a mta of= 
wcorrd. -or md OlW bmcterlstlcs are 
pmmnted i n  Tale I. 

tale 1 - Rotor Owcterlsticr 

Rotor e l e m ,  rn (ft) . . . . . . .  37.95 (124.5) 
Root cutout, % sum . . . . . . . . . . . . .  21 
T i p  Wtrnl, % rpvl . . . . . . . . . . . . .  Yo 
Blror plM, M ' d  rectlon, dag. . . . . . .  Lam 

1 U r f o l l ( m t t o t b )  . . . . . . . .  WCA2XQ4 
T m  . . . . . . . . . . . . . . . . .  Unast 
Twist,  t a g . .  . . . . . . . . . . . . . . .  Zero 
S o l i d i t y  . . . . . . . . . . . . . . . . . .  0.033 
p r s o o n a , a g . . . . . . . . . . . . . . . .  zero 
m. teeteraltion, deg . . . . . . . . . . .  4 
mtm spaad. 100 w, tp . . . . .  33 (sgpmx3 
Drim traln slip 0 100 MI, want  

uprind Rotor . . . . . . . . . . . . . .  4.66 
muulnd Rotor . . . . . . . . . . . . .  2.32 

m.dS mss. kg (10) . . . . . . . .  1815 (4alo) 
Blwe LO& m e r  . . . . . . . . . . . . .  6.56 
B l e  flrtt cantilever bsndlng 
-rrr 

t ip 1s 6rlm by a 
hy4lgadlc CMtoX am the *or is s by 

F 1 P p l s e - W . .  . . . . . . . . . . . .  1.76 
Edga*lse - M . . . . . . . . . . . . . .  1.90 

me teetered w is aplcted In  Fig. 3; it QS 
dbsignsa to  mete w i t h  the rrOb-0 l o r  rpccd *aft at 
the orlglnel hb-shaft lnterfsce. me tcetend 
m provides c s O e b i l i t y  for epproxiartely 260 
of  teeter mtlon w i t h  mlt la l  contact rlth the 
stw occurring at spproximetely 25.83. ThC 
stops uexe deoigud to be easily replect?able 
narfa they becor dvsoed or mom during r% test 
PFOQRI; thls feature has been used several times 
to a t e .  

mT KESLRTS 

Tests on Vu rlnd turbine l n  the upwind errd 
mmlnd m o r  conflguratlons were deslgrcd to 
obtain loeds am aQeratlq drerecterlstics for 
re6 conf lwt lon  curd the ltars cowered i n  this 
rsgort irrlule becdiq laOaents on the blades. 
rotor teeter xesponse, end necelle yaw aments. 
I t  was also a s l m l e  to  define rotor eerwynamlc 
perfomnce out thls was not possible wlng the 
tuxella rim speed masuremeM *lQ1 was evallPble 
for .m tests. 

Analysis of the test deta makes use of the blns 
wlysls tcd\niaues, (Ref. 4) that have beem usbd 
extmslw?ly i n  the pest I n  v+ evaluatlor of rind 
turbine ogeretiml a t e .  me results present@ 
i n  thls paper rlll usa t e r n  that are connon i n  
thls type of .nelysis am have been Oescribcb i n  
previous rsports. These terns, sum as meen end 
cycllc values and median value of a glum "bin" of 
bsta, are ascribed i n  f ig .  0 for Ute convanlsncc! 
of the reader. me test results are a statistical 
praseritetion of a t e  Vlet nave been sorted lnto 
"bins" or sueclflc lntervals of an indspsnddnt 
variable, sum as rrscelle rind wee0 or nacelle 
yaw angle. A single revolution o f  the rotor 
provlrles a Oat8 point, end typlcally anylhere fmm 
2000 t o  l0,m deta polnts conprlse a deta set 
used In the bins analysis. 

Ibtor Fwer 

wino urd dor*ri~ rotor teats eid not 
prwiee u m s t e  drtr for a col#ri#n of the 
mtor p e r m  for rorlnd md dorrrind rotors 
as d o b e  lmlcatui by Oaar anpn as 
f h t l o n  of uird speed. Ih vvlrtlon i n  rotor 
m r  Wt.rsn E mind nd 8 d a h l n d  rotor rind 
~ i n e ) y I k s n p s r d i c k d t o b e ~ t r u r r s % ,  am 
th@ m e  UBOd 
danrind mtor tsrts was mt -to e to 
lllstiqpir dffatures this -11; merefore, a 

UW Wp60 wind md 

 iso on is rat presented. Rotor prfora8nce as 

mcelle ms aet*ined, mb lmlateu e rem rind 
speed (Le., rlrrd q m a  at mnnis 100 kw of 
d t a n r t o r  poar is of 9.4 Ws for tne 
wind rotor and 7.3 Ws mr tM dornrind rotor. 
me reta rim smefl vslues are mt corrected for 
local interfemme effects vrb dlffetancas i n  sllp 
h the clriue train;  therefore the rtml values 
a e  ulirportant as a basis of coqmrlson of vlc 
tuo cunfl+pratlons. muever, the rated rim 
soeeds era important i n  udarstsndlng thc deta 
presentad i n  the following sections casperlng tne 
configurations. These a t e  are ean as a 
hnction of mcelle rim SQeed cnd different 
bshsvior is noted as me control system bacoaes 
actiue to regulate power. -1s .Bkes rete0 u l n l  
sueetl en lrportsnt point. mfortuutely, a 
caparison of rotor wrfoorunn must wait for a 
mn accurate rim laeesurjng system. 

A mu army of d M  lnstnnentatlon M S  r e c e n t l y  
been installEd et  tM UDCJ-O rind tumlne s i te  OM 
rotor performance tests are plennsd for early 
sprlng 1981. Once ogsntionel, thls system r111 
rorct it possible tc  accurately deflne rotor 
performeme. 

8 mtiOn Of th0 W i n d  Ill#BFbd On Mc 

m d c  m i n g  nonents 

Flatrlse rotor b l a a  bendlq mments at blade 
station 13.21 for the m i n d  an0 tm rprino 
rotor are shown i n  Fig. 5 em0 f lg .  6. Stetlon 
U.21 is on tht pitchable t lp mar the 7!B spen 
point Of the blade enb the dete how rapresents 
wndlng parallel end perpcrolcular to the 
cMrdplane of vu blade, but rot slreys aligneo 
d t h  the rotor plena. Flatrise bemlng m t s  
an loads a i m  prodlce black deflections which 
are generally perpandlculv to the rotor plane; 
dromlse ming moments produce daflectlonr 
a l m  are generally i n  the plane of the rotor. 
man fietrice benGlng llDlllbnts increase as w i n o  
qme0 increases until rated rind qmeo is 
attained. A t  this point tM control system is 
active anti the olrdes are pitch6d toward feather 
to mintsin a power level of 100 kw. hove rated 
rind Speed rotor thXuSt 1s dccreasbd as thh w l n d  
speed increases; this 1s reflected i n  rsduced 
blade baMlng aments. The trend appears to be 
the same for both the do*mlnd OM the wrlnd 
rotor (f ig .  k end flg.  6e) tharq, the dsta sarple 
for Vu wrina rotor did m t  contain emu#t h i p  
rind Jpedd a t e  to &fine the ~ r i m  rator 
response at h l w r  r l W  speads. man bending 
W s  pea at the same value end drop of f  at rete0 
rlnC speea, indicating mat both configurations 
ere experiencing approxlmteiy tne same level of 
rotor thrust a t  rated conditlon. 
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me mln diffemm between upwind uul domwind 
blwra looas @pears in  the cyclic conponnt of ths 
bending .o.bnt ( ~ 4 .  b md fig. m). milo I w n  

a t  rind slews rbova rated c+m3itlons, 
cyclic flatwise bemilng lows are nletad to flow 
distumarms that occur as the rotor b l m  
corpletes eacn revolution. In the cyclic 01- 
bending drta (fig.  5b) ,  ma m a i n d  rotor shams a 
tnnd  thrt inc-s with w i n d  speed Wle me 
-1~2 rotor (Fig. 6b) does not aQOeer to  inOlcate 
this tntnb. me tsndency of me dolm*ind rotor 
i d s  to i m m s e  rim wim speed is consistant 
d t n  the effects of  tower SWow, Jlich bscom 
Inom pnnanred as w i n d  incrarses. me 
t p i n d  rotor does not erpcrlence this distuItMm, 
.S ownstratad by me a t e  i n  ~ i g .  m. 
mme stations along the rotor blade rare 
instnaented for bleds bending, but pmblems with 
the instrunsntaion unfortunately PreIlanted 
obtainlng relieble data fnnn both configurations 
at  omer stations. 

M differerras were noted i n  blede QIofirise 
bending and this data was not ix ludad  i n  the 
peper. 

bending lor&p am nlrted t o  rotor tnxust md 

&tor Teeter Response 

Rotor teeter response for downwind and u p w i n d  
rotors are compared i n  Fig. 7 and f ig .  8. Cyclic 
teeter angles as a fwrtion o f  wind speed 8~ yew 
angle indicated on the nacelle ere shown for bovl 
mf igurat lons. 

me rOian values of teeter angle show nt 
diocemacle trena w i t h  w i n d  speed for either 
configuration (Fig. 7a and f ig .  Be), but the 
maxim values mu a t endency  to increase with 
wind speed until rated w i n d  speed is reeched, at  
l r h l r  point the maxinun values show a ciecmasiq 
trend. h? feel  that this tendency of the rotor 
teeter response to peak a t  rated w i n d  weed is 
associatea with an approaching i n s t a i l f t y  i n  the 
rotor as the blade s ta l l  margin ciecp~ases. Local 
s ta l l  occurs uhen the w i n d  speed increases t o  the 
polnt that the local angle of attack on the blade 
exceeds the airfoil s ta l l  mint. As thc blade 
operates na re r  tne stal l  point ,  Vu rotor s ta l l  
margin is nauced. A t  w i n d  spfxds llbove V-ratm, 
the blade t i p s  are pitched to reduce the blade 
angle of attack, *iCh increases the s ta l l  margin 
of the t i p  of the black ana adas stabi l i ty  t o  the 
teetered mtor. we plan additional tests to  
verify this theory. 

Teeter angle as a f m t l o n  of yew angle, as 
indicated on the nacelle, is shown for the 
dounwind mtor i n  Fig. R) m.l for Ue upwind mtor 
in  Fig. Bb. me dorrnrind rotor case e m b i t s  a 
s l i p  t e n d e n c y  *or teeter angle to  increase as 
yaw angle imreases, whereas the wind mtor 
reaches a a m x i a m  value at  a aw angle of 100 
and horr a second peak at 3 4 .  Ihc mason for 
this behavior am& 100 df yaw a l e  is not 
umers tm,  but me irrrease at  33 is 
consistent w i t h  similar behavior on the downwind 
mtor and appears to  be comected with the rotor 
direction of mtetion. 

me rotor teeter mapotwe for tha cbunwind rotor 
differs from thrt prererrtrd in n earlier report 
(Ref. 1). The tooter (YW Mm In this w r t  
r.8 ween from a t e  sat *ion WS telloraa to 
-le ths data set rhich 1 s  yieldw by me 
i@uind rotor tests. The data set used in tM 
omller mport cont6lmU mre hi@ w i n d  Qto, and 
pmws aore I p o r t r n l y ,  eata mat -re aore 
turbulent in teras of w i n d  !rgmlEd 6mj UlmJMol 
wiot lons ulb was not hlt to be a p m r  b d S  
for a oongeriron. 

Nacalle Yaw Moment Tests 

Tests rare run cn tha w i n d  tubine to  dctemlne 
the effect of yew sngle on nacelle yaw mmnt. To 
amire tne mcesery a t e ,  the w i n d  turbine was 
synchronized with me u t i l i t y  grid a t  33 rpm with 
the yaw brake released, the redrlne was y a w  out 
of the w i n d  apQroxiaetely Mo, the yaw motor was 
&activated, end data were taken for a period of 
30 inlnutes, allowing only the usriation i n  w i n d  
dlrection to vary yaw angle. This process a s  
m e t e d  for a man yew angle of -S, the deta 
sets rare caabinad, en0 bins enelysls was 
performed to aternine the effect of yaw angle on 
nacelle yaw noment. me tests were performed on 
born Vla wwim  no the dormrim rotor end the 
results are shown in  Fig. 9 8nd Fig. 10. Yaw 
tomue #rta were taken on the yaw guft tomue 
gage shan in  Fig. 1, wnim ha- been converted to  
necelle yaw moment for the convenience of the 
reader. yaw angle was measured on the nacelle 
narnted wind vane. 

Test results for the ao*nwind rotor mown i n  Fig. 
9 lnbicate that man values of nacelle yaw l w C n t  
narained relatively constant at -6900 N-m over the 

zero a t  - 5 9 .  fhe data point a t  4 5 0  also 
indicates a trcrrd toward zero yaw nwment; houever, 
me data set provided no information past vlls 
point. me point of zero y a w  laolnsnt corresponds 
ell with a Vree yaww aiullibritm point of W ,  
nich uas obtained i n  free yaw tests on this 
configuration of thc wind t u m i n  and adds to our 
confideme i n  the validity of the y a w  nvnsnt a t e .  

Cyclic yaw moments show no particular tmnd except 
for the sllpt cJecrease i n  the a i a n  value a m  
a yaw angle of -500, near me point of zero yaw 
lDment. Both cyclic and man yaw moments for ttu? 
do*nwlnd rotor are very *all mate0 men conpered 
rim these terms for the t q w i n d  rotor, m l 6  tend 
to be more variable, i.e., have larger standard 
deviations i n  earn of tne bins. 

For the t q w i n d  rotor, metan yaw moments (Fig .  loa), 
tend to increase with yaw engle am peek at a yaw 
-le of *Soot nere the trend -ears to 
reverse with the yaw moments a c r e a s i ~ .  as we 
approam tne limits of the dnta set. The point of 
zero yaw moment occurs a t  a yaw angle of 
approximately -500, Ilary mar the point of zero 
yaw moment inclicateil for the cknmuind rotor. 
muever we can place no particular significance on 
this mimiaence. 

of yaw angles from -300 to  400. A t  ?3 - the y a w  moment increases end passes thm 
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7ha cyclic coagonar\t of tM nscalle yaw mmnt  for 
the wind rotor (fig. UBI shows the ullb ttend 
M the lllb~l --, Le., Lncmuing w i t h  
incmsing yaw angle. me two yn 
amy cyclic, moclae r l d l a r  trunOs tot IM d#rr*im 
lotor also. Movmvar, as abntlorred hove, ths 
rqritur& and vls variability of tne c y c l i c  
collponsnt lntlcates tfmt Vu winQ taetemd totor 
is less -11 bbfiVU8 *en -rad uitn a dDmiM 
rotor. 

me W i a n  of the man CamQOrrant of yaw w n t  for 
tha Oo*n*iM mtor was masum t o  be -6#xl w 
fir yaw angles betwen -XP r r r ~  *ooo. lhe yaw 
m t  C8utacl by tha &l/P tilt Of ths IWCOlh 
wile 100 w is being proGrcad by the mtOr is 
-53% M, rhim indicates thet the major portion 
o f  vlo man yaw molasnt measured on the dorwrind 
rotor rnechinc rras CW to  the tilt in Uur ncelle. 
These tests w i l l  be repeated later this yaer on a 
tJuler tower uim t& rotor tilt remvad, nd the 
yam aOnrent end "free yap meracteristics w i l l  
again be evaluated. 

The results of the yaw nornent tests inticate that 
f r o m  the vinrpoint of yaw forces, a donaim rotor 
is to be preferred over an wind rotor. 80th 
mean and cyclic yaw forces were hiwr for the 
wind rotor, indicating the need for mre power 
and wing in the yaw drive aechanlsrn snb the 
potential for increased fatigue. There a s  110 
indication that the q ~ i M  rotor PraJmtK! 
particularly difficult desigr pmblems with 
respect to  yaw loads, however. 

CoNCLuDIffi R W K S  

Tests have been conducted on a 100 kl horltOntal 
anis w i n u  t m i n e  having f i r s t  8 rotor dornwind of 
tne scQporting truss tower anti Wen wwim of me 
tower. Aside fmm the plrrcaaent of the rotor an0 
the direction of rotation relative to the nacelle, 
the w i n a  turbines tested were identical. Three 
aspects of the test results *ere conpgred: rotor 
bleoe bewing lws,  rotor teeter rrspwe, and 
necelle yaw moments. C m l u s l w  based on the 
comparisons are presented below: 

1. Cyclic fiatwise bending mmeots are hi$er 
for the downwind rotor end increase w i t h  w i n d  
speed, reflecting the flow disturbance created by 
We tower. Cyclic benaing moments for the wind 
mtor @peer to be relatively mffected by w i n d  
speed. Mean flatwise bendlq mmnts  were the 
same for lowind and domwind rotors. 

2 .  Rotor teeter response @pears to indicate 
a tendmy toward teeter instebll l ty near rated 
w i n a  speed for trow qwind and dowwiW rotors. 
Further testing is muired to verify this 
conclusion. NO significant d i f f e rems  -re notea 
b e t e n  wwind rotor and dornwind rotor teeter 
response. 

3. Nacelle yaw mnents rere smaller for tte 
downwind rotor Dut the increased yaw lms on the 
wwind rotor 00 not indicate significant design 
PXWlemS. 
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Ftgure 1. - A(al4 100 k\V erprlmental wind turbine nacelle cnlrrto? 
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figure 3. - hW-0 rotor details. 
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Fqurc 4 - Definition of ter mr uretl in Bins aMdlvsis of wind turbine data 
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figure 5. - h n w i n d  rotor. Flatwise rotor blade bendinq moment dt Fiqure h. - Lprind rotor: Flatwise rotor blade bending moment at sta- 
tion 13 21; m a n  bending. (al and cvclic bending. ibl ,  vs. nacelle Station 13. 21; m a n  bending. la). and c W c  twding .  I b l  vs. nacelle 

wind speed. wind speed, 
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Figure 7. - Downwind rotor: Cyclic teeter angle vs. nacelle wind speed. f i gu re  S. - Upwind rotor: Cyclic teeter angle vs. nacelle wind 
( a l ~  dnd nacelle vaw angle, (b'. speed. (a). and nacelle yaw angle, (b). 
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